Copper ion catalyzed carbon-carbon bond forming reaction of N-acyliminium ions with diaryl malonates was achieved with high enantioselectivity. The key intermediates in the method were 2-methoxy-3,4-didehydropiperidines, which were easily prepared through electrochemical oxidation of 1-(p-methoxybenzoyl)piperidine in methanol followed by the conversion of the oxidation product to didehydropiperidine derivative, which was subjected to a chiral Cu(II) catalyzed coupling reaction with diaryl malonates affording diaryl 2-piperidylmalonates. The maximum %e.e. (e.e., enantiomeric excess) was 97% when di-p-chlorophenyl malonate was used as a nucleophile.
Introduction
Asymmetric introduction of alkyl nucleophiles (NuH) to the 2-position of 1-protected piperidinium ions C (PG: protecting group) may be one of the most convenient and simple routes for optically active 2-alkylpiperidines D, key synthetic intermediates for a variety of chiral piperidine alkaloids since piperidinium ions C can be generated from easily available 1-protected piperidines A through electrochemical oxidation of A followed by acid treatment of the oxidation products B (Scheme 1) [1] . However, there have been very few reports for such asymmetric introduction in such cases that piperidinium ions C have a chiral protecting group [2] or a chiral NuH is used [3] . We have already found an asymmetric introduction of NuH onto the 2-position of 1-protected 3,4-didehydropiperidinium ions F, which are also easily prepared from B through 1-protected 2-methoxy-3,4-didehydropiperidines E (Scheme 2) [4] . However, the highest enantioselectivity so far reported in our study was 71%e.e. in a case that dimethyl malonate (2p) as NuH was used toward F. Since then, we have surveyed both PG of E (R of 1a-e) and NuH (R' of 1p-w) to improve the %e.e. of G (3ap-ez) Eq.
(1) and, as the result, succeeded in achieving 97%e.e. of G. This paper describes the detail of those results. 
Results and discussion

Preparation of 1-protected 2-methoxy-3,4-didehydropiperidines 1a-e
Substrates 1a-e were prepared from 1-acylated piperidines 4a-e according to the procedures indicated in Eq. (2) [5] , the first step of which was electrochemical oxidation of 1a-e in methanol to afford 2-methoxylated compounds 5a-e [6] . The conversion of 5a-e into 1a-e was achieved by elimination of methanol, bromomethoxylation followed by dehydrobromination according to the reported method [5] . In a case of 1a, the yields of 5a and 1a were 91% at 5F/mol and 70%, respectively. 
Chiral ligands
Some known chiral bisoxazoline ligands L1-L6 (Fig. 1 ) [7] were examined in the coupling reaction of 1a-e with 2p-z. The results are shown in Table 1 . Although the reaction of 1a with dimethyl malonate (2p) gave the coupling product 3ap in good yield (Entry 1), using diethyl and di-tert-butyl malonates (2q) and (2r) in place of 2p did not afford the corresponding coupling products 3aq,ar (Entries 2 and 3). On the other hand, the coupling reaction of 1a with diphenyl malonate (2s) proceeded to give the 2-substituted piperidine 3as with higher enantioselectivity than that using 2p (Entry 4). The results are shown in Table 2 . Although using di-p-methoxyphenyl malonate (2t) did not afford the coupling product 3at (Entry 2), di-p-methylphenyl or di-p-bromophenyl malonate (2u) or (2v) afforded the corresponding 2-substituted piperidines 3au or 3av with high enantioselectivity (Entries 3 and 4) similar to that of using 2s (Entry 1).
Di-p-chlorophenyl and di-p-fluorophenyl malonates (2w) and (2x), which were more acidic than 2s, coupled with 1a to give the carbon-carbon bond forming products 3aw and 3ax with higher enantioselectivity than 2s (Entries 5 and 6). However, di(m-and o-chlorophenyl) malonates (2y) and (2z), which seemed to be a more bulky than 2s, did not always work well (Entries 7 and 8). The effect of 1-protecting group of 2-methoxy-3,4-didehydropiperidines 1a-e on their asymmetric coupling reaction with malonates 2p,s,w in the presence of chiral ligand L1 was examined Eq. (5) . The results are summarized in Table 3 . Enhanced enantioselectivity by using diaryl malonates 2s,w in place of dimethyl malonate (2p) was observed in the reactions using 1-methoxycarbonylated, 1-benzoylated, and 1-p-chlorobenzoylated piperidines 1b-d. Although an asymmetric coupling reaction of 3,4-didehydro-2-methoxy-1-methoxycarbonylpiperidine (1b) with 2p, which was prepared from 2-methoxy-1-methoxycarbonylpiperidine (5b) [8] , proceeded with low efficiency (Entry 4), that of 1b with 2w afforded the coupling product 3bw in good enantioselectivity (Entry 6). Also, the reaction of 1-benzoylated and 1-p-chlorobenzoylated piperidines 1c and 1d with 2w as NuH gave the corresponding 2-substituted piperidines 3cw and 3dw in high enantioselectivities (Entries 8 and 10).
The reaction of 1-phenoxycarbonylated piperidine 1e with 2w afforded the coupling product 3ew in a reasonable optical purity (Entry 11). 
Temperature effect on the coupling reaction of 1a,c with 2p,w
With having those data in hand, we then examined a temperature effect on an enantioselective carbon-carbon bond formation at the 2-position of 1a,c with 2p,w in the presence of chiral ligand L1 Eq. (6) . The results are summarized in Table 4 . Although in a case of using dimethyl malonate (2p) (0.75 mmol) the coupling reaction of 1a (0.5 mmol) did not occurred at all at 0 o C in THF (2.5 mL) (Entry 2), the reaction between 1a and di-p-chlorophenyl malonate (2w) proceeded well at 0 o C to afford the coupling product 3aw in 95%e.e. (Entry 4).
The reaction of 1a (5 mmol) with 2w ( 
Solvent effect on the coupling reaction of 1a with 2w
Solvent effect on the coupling reaction of 1a with 2w was examined in the presence of chiral ligand L1. The results are summarized in Table 5 . THF afforded the best result (Entry 1), while dichloromethane, diethyl ether, toluene, ethyl acetate, and 1,2-dimethoxyethane were a little bit ineffective than THF (Entries 2-6). 
Effect of chiral ligand on the coupling reaction of 1a with 2w
The coupling reaction of 1a with 2w in THF was carried out in the presence of chiral bisoxazoline ligands L1-L6. The results are summarized in Table 6 . Among the examined chiral ligands L1-6 (Entries 1-4), L1 gave the best result for 1a to give 3aw with 93%e.e. (Entry 1). Ligand L2 showed almost similar effect to L1 (Entry 2), while ligands L3-L5 were a little ineffective than L1 (Entries 3-5). PyBOX L6 did not work at all (Entry 6). 
Effect of Lewis acid on the coupling reaction of 1a with 2w
Next, we examined a variety of Lewis acid catalysts in the reaction of 1a with di-p-chlorophenyl malonate (2w) to disclose the counter ion effect. The results are shown in Table 7 . 
Identification of absolute stereochemistry of the coupling products
In order to propose a reaction mechanism, the absolute configuration of the coupling products was identified as shown in Eq. (7). Thus, 3aw (95%e.e.) were easily converted by the reaction with NaOMe to 3ap (95%e.e.) in 85% yield. The comparison of the optical rotation of 3ap with authentic sample indicated that enantiomerically enriched isomer of 3aw had a R-configuration. 
Reaction mechanism
The reaction mechanism for the coupling reaction of 1 with dialkyl malonates 2 is not clear, but it may be tentatively supposed as shown in Schemes 3-5 which are exemplified by the reaction of 1a with 2w. At the initiation step, a copper enolate Pw may be generated from 2w and Cu(OTf) 2 with a loss of a proton which attacks on 1a to generate an iminium ion 6a. The iminium ion is trapped with Pw to afford a coupling product 3aw with a regeneration of Cu(II). Thus, a catalytic cycle of Cu(II) for a formation of 3aw from 1a is achieved. The stereochemical outcome is hypothetically explainable using a mechanism described in Schemes 4 and 5, in which iminium ion 6a approaches on a copper enolate Pw through four paths 1-4. Paths 1 and 2 represent approaches with minimizing an overlap between the C 5,6 methylene groups of 6a and Pw (Scheme 4), while paths 3 and 4 represent approaches in which the C 5,6 methylene groups of 6a overlap Pw (Scheme 5). Among those paths, path 1 seems more likely than the other paths because of a steric repulsion between Ph group of Pw and an aryloyl group of 6a in path 2 and between the C 5,6 methylene groups of 6a and Pw in paths 3 and 4.
The steric factor may be primarily important for the stereoselectivity, but the result is not always explained only by the steric factor since diaryl malonates 2s,u-x afforded the different %e.e. of the couling products (Entries 1,3-6 in Table 2 ) and more bulky L3 gave a less stereoselective result than less bulky L1, L2 did (Entries 1-3 in Table 6 ). A strength of the coordination (a tightness) between copper ion and the carbonyl oxygen in Pw may depend on Ar group of diaryl malonates, and it may be responsible to some extent for the stereoselectivity. Also, a substituent on the 4-phenyl group of the oxazolidine ring may affect to the tightness by its electronic or steric reason.
Conclusion
We have presented a facile method for asymmetric introduction of bis(alkoxycarobonyl)methyl group into the 2-position of a piperidine skeleton. The key intermediates were 2-methoxy-3,4-didehydropiperidines 1a-e, which were prepared through electrochemical oxidation of easily available 1-protected piperidines 4a-e in methanol. The highest enantioselectivity (97%e.e.) was observed in a coupling reaction between 1-(p-methoxybenzoyl)-3,4-didehydro-2-methoxypiperidine (1a) and di-p-chlorophenyl malonate (2w) with a catalytic amount of Cu(OTf) 2 and a chiral ligand L1 in THF at 0 o C. Further study to improve the stereoselectivity is under investigation.
Experimental
General
HPLC analyses were achieved by using a LC-10AT VP and a SPD-10A VP of were already reported by us. Malonate 2s [9] , 2u,w [10] , 2v [11] , and 2x [12] Cu(SbF 6 ) 2 were prepared according to the reported method [13] .
Preparation of 1-phenoxycarbonyl-2-methoxy-3,4-didehydropiperidine (1e)
1-Phenoxycarbonyl-2-methoxy-3,4-didehydropiperidine (1e) was easily prepared by our reported procedure [3c,4b,5] . Namely, electrochemical oxidation of 1-phenoxycarbonylpiperidine (4e) in methanol afforded 2-methoxylated compound 5e [14] , which was successively transformed into the corresponding enecarbamate [15] by acid-catalyzed elimination of methanol. Bromomethoxylation of the enecarbamate afforded 3-bromo-2-methoxylated compound [15] , which was transformed into 1e by a base-catalyzed elimination of hydrobromic acid.
1-phenoxycarbonyl-2-methoxy-3,4-didehydropiperidine (1e)
Colorless oil; IR (neat) 3044, 2936, 1736, 1651, 1593, 1424, 1368, 1235, 754 
Preparation of diaryl malonates 2t-z
Diaryl malonates 2t-z were prepared from malonic acid and the corresponding phenols in the presence of POCl 3 according to a reported method [9] . 
Di-p-methoxyphenyl malonate (2t)
Asymmetric coupling reaction of 1 with 2: a typical experimental procedure
A solution of di-p-chlorophenyl malonate (2w) (0.75 mmol), Cu(OTf) 2 (0.025 mmol) and L1 (0.03 mmol) in THF (1 mL) was stirred for 5 min at room temperature under a nitrogen atmosphere. Into the solution was added a solution of 1a (0.5 mmol) in THF.
After stirring for12 hrs, the resulting mixture was poured into aqueous NaHCO 3 (5 mL).
The organic portion was extracted with AcOEt (10 mL × 3) and dried over MgSO 4 . The resulting solution was concentrated in vacuo. The residue was chromatographed on silica gel (hexane/AcOEt = 5/1) to afford 3aw (61% yield, 93%e.e.). The spectroscopic data of products 3ap,bp,cp,dp were also described in the report [4b]. The e.e. was obtained by DAICEL Chiralcel OD (φ4.6mm, 250mm) [hexane/isopropanol (5/1) (v/v), 1.0mL/min, detection at 210nm, 9min for minor enantiomer and 24min for major enantiomer. 4. The e.e. was obtained by DAICEL Chiralcel OD (φ4.6mm, 250mm) [hexane/isopropanol (5/1) (v/v), 1.0ml/min, detection at 210nm, 25min for minor enantiomer and 39min for major enantiomer.
Di-p-chlorophenyl [1-(p-methoxybenzoyl)-3,4-didehydro-
4. 1H), 1H), 1H), 3.83 (s, 3H), 4.23 (d, J=8.3Hz, 1H), 1H), 2H), 6.90 (d, J=8.5Hz, 2H), 4H), 7.32 (d, J=8.5Hz, 2H), 4H) 3078, 2936, 2840, 1754, 1628, 1611, 1507, 1429, 1306, 1254, 1136, 1030, 843 cm -1 ; 1 H NMR (CDCl 3 ) δ 2.00-2. 15 (m, 1H), 1H), 1H), 1H), 3.83 (s, 3H), 4.24 (d, J=8.1Hz, 1H), 1H), 2H), 6.90 (d, J=8.7Hz, 2H), 8H), 7.33 (d, J=8.7Hz, 2H) 4. 4. 4. 4. The e.e. was obtained by DAICEL Chiralcel OD (φ4.6mm, 250mm) [hexane/isopropanol (5/1) (v/v), 1.0mL/min, detection at 210nm, 8min for minor enantiomer and 15min for major enantiomer. 4. 4. 
Transformation of 3aw into (R)-3ap
A solution of NaOMe (95 mg, 1.77 mmol) in MeOH (7 mL) was added into a solution of 3aw (95%ee, 318 mg, 0.59 mmol) in MeOH (3 mL), and the resulting solution was allowed to be stirred at 0 o C to room temperature. After 12 hrs, solvent of the reaction mixture was removed in vacuo. Into the residue was added water. The organic portion was extracted with AcOEt (10 mL × 3) and dried over MgSO 4 . The resulting solution was concentrated in vacuo to afford a crude (R)-3ap [1], which was purified by silica gel chromatography (hexane/AcOEt = 5/1) to afford (R)-3ap (85% yield, 95%e.e.).
[α] D 25 +172.4°(c=0.25, CHCl 3 ).
The e.e. was obtained by DAICEL Chiralcel OD (φ4.6mm, 250mm) [hexane/isopropanol (9/1) (v/v), 1.0mL/min, detection at 210nm, 41min for (S)-3ap and 53min for (R)-3ap.
